Objective: To compare the safety and efficacy of percutaneous closure of patent foramen ovale (PFO) with the Amplatzer PFO occluder (Amplatzer) or the PFO STAR device (STAR) in patients with presumed paradoxical embolism. Methods: Implantation characteristics, procedural complications, residual shunt, and recurrence of thromboembolic events were recorded prospectively in 100 consecutive patients undergoing percutaneous PFO closure with the STAR (n = 50) or Amplatzer (n = 50) devices between 1998 and 2001. The study was not randomised. Device implantation was successful in all cases. Results: There were more procedural complications in the STAR than in the Amplatzer group (8/50 v 1/50, p = 0.01). More than one device placement attempt was an independent predictor of procedural complications (odds ratio (OR) 8.5, 95% confidence interval (CI) 1.3 to 55.8; p = 0.03). A residual shunt six months after PFO closure, assessed by transoesophageal contrast echocardiography, occurred more often in the STAR than the Amplatzer group (17/50 v 3/50, p = 0.004), and was predicted in the STAR group by the use of a device with a 5 mm as opposed to a 3 mm disc connector (OR 6.1, 95% CI 1.1 to 34.0; p = 0.04). The actuarial risk of recurrent thromboembolic events after 3.5 years was 16.8% (95% CI 7.6% to 34.6%) in the STAR and 2.7% (95% CI 0.4% to 17.7%) in the Amplatzer group after three years (p = 0.08). Conclusions: Percutaneous PFO closure with the Amplatzer PFO occluder had fewer procedural complications and was more likely to be complete than with the STAR device. These findings underline the importance of device design for successful percutaneous PFO closure. The association of PFO and cryptogenic stroke in young adults has been confirmed in a recent meta-analysis.
A patent foramen ovale (PFO) has been related to such disease manifestations as paradoxical embolism, 1 orthostatic desaturation in the setting of the platypnoea-orthodeoxia syndrome, 2 refractory hypoxaemia in patients with right ventricular infarction 3 4 or pulmonary hypertension, 5 decompression illness and ischaemic cerebral lesions in divers, 6 7 and migraine with aura. 8 9 The association of PFO and cryptogenic stroke in young adults has been confirmed in a recent meta-analysis. 10 Larger PFO size, 11 a greater right to left shunt, 12 and the presence of an atrial septal aneurysm (ASA) 13 appear to increase the risk of paradoxical embolism. Percutaneous PFO closure has been shown to be feasible in patients with presumed paradoxical embolism. [14] [15] [16] Its therapeutic value in comparison with medical treatment is currently under investigation. 17 Previous studies of percutaneous PFO closure employed a variety of transseptal occlusion devices primarily designed for the closure of atrial septal defects. [14] [15] [16] [17] An appreciation of the functional and structural differences between PFO and atrial septal defect led to the recent development of two dedicated PFO occlusion devices, the Amplatzer PFO occluder (Amplatzer) (AGA Medical, Golden Valley, Minnesota, USA) 18 and the PFO STAR device (STAR) (Cardia, Burnsville, Minnesota, USA) (figs 1 and 2). The two devices differ in design, material, deployment sheath, disc size, connector length and flexibility, septal fixation, and retrievability. Manufacturing properties may have an impact on the implantation procedure, long term outcome, and clinical condition of the patient.
Our aim in the present study was to compare these two devices in patients with presumed paradoxical embolism undergoing percutaneous PFO closure with respect to procedural complications, completeness of PFO closure, and the clinical recurrence of paradoxical embolism.
METHODS

Patient population
One hundred consecutive patients undergoing percutaneous PFO closure between July 1998 and March 2001 with a STAR or an Amplatzer devices were included in the study. All patients had suffered from ischaemic stroke or symptoms of a transient ischaemic attack (TIA) with neuroradiological confirmation of cerebral ischaemia, and the mechanism of ischaemia was presumed to be paradoxical embolism. All patients underwent multiplane transoesophageal contrast echocardiography, carotid Duplex scanning, and 24 hour Holter ECG recording before their inclusion in the study. The clinical diagnosis of paradoxical embolism was based on the absence of a left sided thromboembolic source and a PFO mediated right to left shunt. The presence of a PFO with the potential for right to left shunt was confirmed during multiplane transoesophageal contrast and colour Doppler echocardiography. Aerated colloid solution was injected into an antecubital vein, followed by flushing with 10 ml normal saline to opacify the right atrium. All patients were coached to perform a Valsalva manoeuvre just before the injection, with release after arrival of contrast medium in the right atrium. Bulging of the septum into the left atrium had to be present. The injections were done in two orthogonal echocardiographic planes. The maximum number of contrast injections was four, two in every plane. The PFO mediated right to left shunt was graded according to the quantity of bubbles crossing the septum within four cardiac cycles after full opacification of the right atrium: minimal if only a few bubbles passed, moderate if a cloud of bubbles passed, and severe if there was intense opacification of the left atrium. 11 A colour Doppler and duplex examination of the extracranial carotid and vertebral arteries, a 12 lead ECG, and a Holter ECG were done routinely.
The study was approved by the local ethics committee, and all patients were asked to give their informed consent.
Device implantation
The technique of percutaneous PFO closure has been described in detail. 16 Venous access was gained through the right femoral vein under local anaesthesia. Device implantation was guided by fluoroscopy and right atrial angiography. Transoesophageal echocardiography was not used during the procedure.
Each device was implanted in 50 patients at the discretion of a single operator. No formal algorithm for randomisation was used. The size of device was chosen depending on body size and weight, left atrial size, atrial septal anatomy (that is, the presence of an atrial septal aneurysm), and the distance of defect to the mitral valve and aortic sinus. Transthoracic echocardiography was done the day after device implantation to confirm correct device position before discharge. All patients were treated with 100 mg aspirin daily until transoesophageal echocardiography revealed no or only minimal residual shunting at six months.
Follow up
Patients were followed prospectively for a mean of 2.0 years (range 0.5-3.7 years), using a structured telephone interview, addressing recurrence of embolism (TIA, stroke, or peripheral embolism), and device related complications (device embolisation, disc thrombi, arrhythmias, or vascular complications at the access site). Any reported symptoms compatible with an embolic event were considered a primary end point, even in the absence of imaging studies. Multiplane transoesophageal contrast echocardiography was repeated six months after percutaneous PFO closure to assess the device and completeness of PFO closure. A residual right to left shunt was graded according to the quantity of bubbles crossing the septum within four cardiac cycles, applying the criteria of the baseline examination.
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Statistical analysis
Groups were compared using a two sided unpaired t test for continuous data, and x 2 analysis for nominal data. Actuarial freedom from recurrent embolic events was calculated using the Kaplan-Meier method. Potential risk factors for procedural complications and a residual shunt were identified by logistic regression analysis. A Cox proportional hazards model calculated the odds ratios for predictors of recurrent embolic events. Owing to the limited number of outcome events, a multivariate adjustment was not done. 19 Data are expressed as mean (SD) and as odds ratios (OR) with 95% confidence intervals (CI). Statistical significance was assumed at a probability value of p , 0.05. All data were analysed using STATA 5.0 statistical software (Stata Corporation, College Station, Texas, USA).
RESULTS
Patient characteristics
Baseline clinical characteristics were well matched in both patient groups with respect to age, sex, cardiovascular risk factors, and thromboembolic index events (table 1) . Transoesophageal contrast echocardiography showed no differences in atrial septal anatomy, degree of right to left shunting, or presence of an atrial septal aneurysm between the two groups (table 2).
Procedural outcome
Percutaneous PFO closure was successful in all patients. However, more placement attempts were required with the STAR than with the Amplatzer device for successful PFO closure (table 3) . Procedure and fluoroscopy times were longer for the STAR than for the Amplatzer group (table 3) . Procedural complications were more common with the STAR device than with the Amplatzer device (8/50 v 1/50; p = 0.01). In one patient, the STAR device embolised into the pulmonary artery immediately after release, requiring removal with a retrieval basket and correct repositioning in the PFO. In another patient, the STAR device embolised into the descending aorta during follow up, although transthoracic echocardiography had confirmed adequate device position 12 hours after implantation. The device was retrieved percutaneously, and the PFO was subsequently closed with an Amplatzer device.
Regression analysis showed two independent predictors of procedural complications: the type of device used (OR for STAR 8.8, 95% CI 1.1 to 74.4; p = 0.04); and more than one placement attempt to position the device correctly (OR for more than one attempt 8.5, 95% CI 1.3 to 55.8; p = 0.03) (table 4).
Echocardiographic outcome
Six months after device implantation, transoesophageal contrast echocardiography showed more complete PFO occlusion with the Amplatzer than with the STAR device (table 2). Thus complete PFO closure was achieved in 47 patients (94%) with the Amplatzer device versus 33 (66%) with the STAR device (p , 0.001). A severe shunt persisted in eight patients (16%) with a STAR device but in none with an Amplatzer device (p = 0.002). In a univariate logistic regression analysis, the use of a STAR device (OR 8.4, 95% CI 1.8 to 40.1; p = 0.01), the presence of a long disc connector (5 mm instead of 3 mm) in the case of the STAR device (OR 6.1, 95% CI 1.1 to 34.0; p = 0.04), and probably the implantation of a device larger than 30 mm in diameter independent of the device type (OR 2.9, 95% CI 0.9 to 9.7; p = 0.06) correlated with a significant residual shunt six months after device implantation (table 4) .
Clinical outcome
The mean (SD) follow up period was 2.0 (0.7) years for at total of 201 patient-years and was somewhat longer for the STAR group owing to the earlier availability of the STAR device (table 1) . There was one death from a non-related motor vehicle accident. During follow up, seven recurrent neurological events were observed: three minor strokes without permanent neurological sequelae and four TIAs. The first event, a minor stroke, occurred three months, and the latest event 26 months, after device implantation. Two of the seven recurrent neurological events occurred with concomitant antiplatelet treatment, while five events were observed in patients on no active drug treatment. Transoesophageal contrast echocardiography showed a residual shunt in only one of seven patients with a recurrence. In all but one of the patients with a recurrence, at least one cardiovascular risk factor was present. The actuarial recurrence rate after 3.5 years for TIA or stroke was 10.6% (4.9% to 22.3%) for all patients, with a trend for more freedom from recurrence with the Amplatzer device (fig 3) .
DISCUSSION
The therapeutic efficacy of percutaneous PFO closure in the prevention of recurrent thromboembolic events has been comparable with medical treatment and surgical PFO closure in observational studies. 13-17 20-22 In the absence of data from randomised clinical trials, a case-control study showed that percutaneous PFO closure was at least as effective as medical treatment in reducing the incidence of recurrent cerebrovascular ischaemic events, and more effective in patients with more than one previous cerebrovascular ischaemic event. 23 These promising results have been derived from studies employing transseptal occlusion devices primarily designed for percutaneous treatment of atrial septal defects rather than PFOs. In our experience, important shortcomings of some of these devices included a relatively high incidence of procedural complications (up to 10%) and incomplete PFO occlusion (up to 50% with the Sideris buttoned device). 16 The recent advent of two dedicated PFO devices, the STAR and the Amplatzer, is aimed at facilitating implantation and improving procedural outcome and complete septal closure. Nevertheless, they differ in design and technical properties.
Within the limits of a non-randomised study design, our findings provide information on the procedural, echocardiographic, and clinical outcome following percutaneous PFO closure using the STAR and Amplatzer devices. Although device implantation was successful in all cases, more than one placement attempt was more often required with the STAR device than with the Amplatzer device. This entailed not only longer fluoroscopy and procedure times, but was also an independent predictor of the occurrence of procedural complications.
The greater incidence of procedural complications related to the number of device placement attempts is plausible for two reasons. First, transseptal positioning of the intravascular sheath requires meticulous evacuation of air to prevent embolism, with each additional transseptal sheath manipulation imposing an increased risk of such complications. Second, in contrast to the Amplatzer device, which can be retrieved into the sheath in the heart in case of false positioning and immediately redeployed, the STAR device requires complete removal from the body to realign the left sided wire frame into its correct orientation before repeat device placement, thus introducing an additional risk of air embolism. The difference in sheath size between the two devices appears irrelevant in the light of the venous access route. However, it cannot be excluded that the observed complications of an arteriovenous fistula and cardiac tamponade in the case of the STAR device were related to the sheath size. From the more frequent attempts to achieve satisfactory device position as well as the observation of two device embolisations in the case of the STAR device, we infer that transseptal positioning and fixation are more stable with the Amplatzer device, possibly because of its bulkier body (figs 1 and 2). A prerequisite for percutaneous PFO closure must be a very low incidence of procedural complications, which favours the Amplatzer device.
Complete PFO closure is another important prerequisite, as a residual shunt following percutaneous closure has previously been identified as a risk factor for recurrent thromboembolic events. 16 The higher incidence and more severe degree of residual shunting with the STAR than with the Amplatzer device suggests that disc apposition was inferior with the STAR device, particularly when using the longer disc connector. The Amplatzer device achieved complete PFO closure in 47 of 50 patients with only a minimal or moderate residual shunt deemed insignificant in three patients, which corresponds to the rate observed by other investigators. 24 Thus the Amplatzer attains closure results comparable to surgical PFO closure. 21 22 Interestingly, device disc sizes of 30 mm and greater showed a strong trend towards a higher incidence of residual shunt. Thus larger device discs attach less snugly to the septum, which hinders endothelialisation. Clinical outcome tended to be better with the Amplatzer than with the STAR device with respect to recurrent thromboembolic events. This trend cannot be explained by the higher occlusion rate, as only one of the recurrent events took place in the setting of a residual shunt. Thrombogenicity of the left sided device surface may also play a role. Five of seven self reported neurological events were confirmed during physical examination or neuroimaging. We included the two self reported events without documentation in the analysis owing to their similarity with the index event. They occurred after verified complete PFO closure, suggesting an aetiology other than paradoxical embolism. All patients recovered completely within seven days, as opposed to the more severe index event leading to percutaneous PFO closure. Furthermore, there were no late device related complications such as material fatigue, infection, embolisation, perforation, or erosion. Notwithstanding, the follow up period of our study is relatively short.
Study limitations
Our findings of easier device implantation and more complete PFO closure with the Amplatzer than the STAR device are based on a non-randomised study design and therefore subject to bias. Although both patient groups were well balanced with respect to clinical and echocardiographic baseline characteristics, a selection bias with respect to unmeasured variables cannot be excluded. However, the procedure was undertaken by a single operator thus minimising potential differences in the level of experience. The follow up period was relatively short and so limited our ability to detect potential differences in the clinical outcome.
Conclusions
In this non-randomised study, percutaneous PFO closure with the Amplatzer device was simpler and associated with fewer procedural complications and more complete PFO occlusion than with the STAR device. Owing to the nonrandomised study design, firm conclusions about the superiority of one device over the other cannot be drawn. However, the findings underline the importance of device design for successful percutaneous PFO closure, which should be addressed in future studies. 
